INTRODUCTION
Homologous recombination (HR) is the major pathway for the error-free repair of DNA double strand breaks (DSB) (1, 2) . Impaired HR leads to genetic instability and the cancer phenotype in humans (3), as aptly illustrated in certain familial breast cancer patients who harbor mutations in the tumor suppressors BRCA1 and BRCA2 (4) . Defective HR is also associated with a marked cellular sensitivity towards ionizing radiation, DNA crosslinking agents, and other DNA damaging agents. More recently, a role for HR in the re-start of collapsed replication forks has been suggested. In mitotic cells, the homologous DNA from the sister chromatid is most often used to direct the repair of damaged DNA by HR. During meiosis, recombination between homologous chromosomes from the maternal and paternal genomes is the basis for genetic diversity. Moreover, meiotic recombination leads to the physical linkage of homologous chromosomes that is indispensable for their proper segregation (5).
The genetic requirement for DSB repair by HR is best understood in the budding yeast Saccharomyces cerevisiae (reviewed in (1, 2, 6, 7) . Mutant analyses in this organism have led to the identification of the RAD52 epistasis group of genes. Current models suggest that DNA double strand breaks are processed by a 5'->3' exonuclease, and that the resulting single-stranded tails are initially occupied by the ssDNA binding protein RPA, which is subsequently replaced by a helical protein filament of the Rad51 recombinase. The assembly of the Rad51-ssDNA nucleoprotein filament, also known as the presynaptic filament, is facilitated by several HR factors, namely, Rad52, the Rad55-Rad57 complex, 4 and possibly Rad54. Once assembled, the presynaptic filament conducts a search for a homologous double-stranded donor and invades the donor to yield a displacement loop (Dloop) (7) , the length of which is extended by branch migration. The D-loop is finally resolved by one of several pathways (reviewed in (6) ).
Rad54 has been implicated in several distinct steps of the recombination reaction.
Chromatin immunoprecipitation (ChIP) analyses suggest that Rad54 is recruited early to the site of a DSB before synapsis of the recombining DNAs occurs (8) . Rad54 promotes the assembly and enhances the stability of the presynaptic filament in vitro (8) (9) (10) , but it is debated whether these activities of Rad54 are germane for the targeting of Rad51 to recombination sites in cells (8, 11) . Rad54 physically associates with Rad51 in vitro and in vivo (12) (13) (14) (15) . The amino acid sequence of Rad54 places it in the Swi2/Snf2 family of proteins (16) . Rad54 hydrolyzes ATP in the presence of DNA, and the free energy derived from ATP hydrolysis fuels its translocation on dsDNA, which induces dynamic topological changes in the DNA. Biochemical and scanning force microscopic analyses have revealed that both positive and negative supercoils are introduced by the translocating Rad54 (17) (18) (19) (20) .
Moreover, negative supercoiling by Rad54 leads to transient DNA strand separation, as evidenced by an increased sensitivity of dsDNA towards nicking by the single strand specific nuclease P1 (19) . It therefore appears that Rad54 is capable of separating the strands of the donor duplex molecule, rendering it accessible for strand invasion by the Rad51 presynaptic filament. Alternatively, or in addition, Rad54 may facilitate the search of DNA homology by pumping DNA along the presynaptic filament (9, 19) . The intimate collaboration between Rad54 and Rad51 in DNA joint formation is readily demonstrated in 5 the D-loop reaction (12) . The specificity of this interaction is indicated by the fact that only proteins from the same species cooperate in D-loop formation (9, 21) . Rad54 has recently been shown to remodel chromatin and to promote D-loop formation with chromatinized DNA templates (22) (23) (24) . The biochemical and genetic experiments described above provide ample evidence for functional and physical interactions between Rad54 and the Rad51 recombinase. To begin dissecting the interactions between the two HR factors, we have carried out a deletion analysis of the S. cerevisiae Rad54 protein. Our results show that truncated forms of Rad54 that are compromised for physical interaction with Rad51 retain normal levels of ATPase and DNA supercoiling activities but are unresponsive to Rad51.
The attenuated Rad51 binding activity coincides with an impairment of the ability of Rad54 to promote the D-loop reaction. Furthermore, our results provide evidence that Rad54 contacts Rad51 via separable epitopes.
EXPERIMENTAL PROCEDURE
Partial proteolysis and amino-terminal sequencing -Rad54 (15 µg) purified from a yeast strain tailored to overexpress this protein (12) was incubated with the indicated amount of chymotrypsin or elastase in 30 ml buffer (20 mM Hepes, pH 7.5, 200 mM NaCl, 2 mM 2-mercaptoethanol, 10 % glycerol) at 25°C. Aliquots (5 ml) were taken at the indicated times and the digestion was stopped by adding 5 ml PMSF (50 mM) and 10 ml 2x SDS loading buffer (30 mM Tris-HCl, pH 6.8, 5 % Glycerol, 1 % SDS, 360 mM 2-mercaptoethanol). Samples were heated for 1 minute at 70°C, separated on 10 % SDSpolyacrylamide gels, and stained with Coomassie Blue. For amino-terminal sequencing, 6 proteins were blotted onto PVDF membranes (Bio-Rad). The membranes were briefly stained with Coomassie Blue (30 sec), destained with 10 % acetic acid and 45 % methanol, and the protein bands of interest were excised and analyzed by amino-terminal sequencing in the Molecular Biology Core Facility of the Dana Farber Cancer Institute (Boston, MA).
Purification of full-length and truncated forms of Rad54 from E. coli -DNA fragments encoding full-length and amino-terminally truncated variants of S. cerevisiae Rad54 protein were amplified by PCR and cloned into the Bgl II and Xho I restriction sites of pET32a (Novagen). Upstream primers include the consensus sequence for the Rhinovirus PreScission protease (Amersham Biosciences) and were designed to allow expression of inframe fusion proteins that harbor a cleavable thioredoxin-(His) 6 affinity tag at their amino terminus. BL21 Rosetta cells (Novagen) were transformed with the recombinant plasmids and grown at 30°C to OD 600 of 0.6. The cultures were shifted to 16°C and induced with 0.1 mM IPTG for 15 hours. Cells were harvested by centrifugation and washed with PBS containing 2 mM EDTA and protease inhibitors (0.1 mM PMSF, 1 mg/ml, 1 mg/ml aprotinin, 1 mg/ml E64, 5 mg/ml leupeptin, 0.7 mg/ml pepstatin A, 156 mg/ml benzamidine, 1 mg/ml chymostatine) before being frozen in liquid nitrogen and stored at -80°C. The thawed cells (100 g) were resuspended in 300 ml buffer A (20 mM KH 2 PO 4 , pH 7.6, 10 % glycerol, 10 mM 2-mercaptoethanol, 0.5 mM EDTA, and protease inhibitors as above) containing 150 mM KCl, and lysed by passing twice through a cell disruptor (Avestin). Lysates were clarified for 30 minutes at 40,000 x g and the supernatant was loaded onto a P11 phosphocellulose column (Whatman, 120 ml). The P11 column was developed with a gradient of 100 to 1000 mM KCl in buffer A, with Rad54 eluting at approximately 400 mM KCl. Rad54 and other proteins were precipitated with 0.4 g/ml ammonium sulfate, redissolved in 40 ml buffer B (20 mM KH 2 PO 4 , pH 8.0, 600 mM KCl, 10 mM imidazole, 10 % glycerol, 5 mM 2-mercaptoethanol, 0.01 % NP-40, and protease inhibitors as above), and loaded onto a 10 ml Ni-NTA agarose (Qiagen) column. The Ni-NTA matrix was washed with 200 ml buffer B containing 300 mM KCl, and bound proteins were eluted by a gradient of 10 to 250 mM imidazole in buffer B. After adding DTT (1 mM final) and EDTA (2 mM final) to the imidazole eluate that contained Rad54, the thioredoxin-(His) 6 affinity tag was cleaved off by an overnight incubation at 4°C with recombinant Rhinovirus PreScission protease (1:200 w/w of protease to Rad54). The released protein was diluted with buffer A to a conductivity reading corresponding to 100 mM KCl and loaded onto a Mono S column (8 ml), which was developed with a KCl gradient of 100 to 1000 mM KCl in buffer A. Peak fractions were pooled and applied onto a Superdex S-200 column (330 ml), which was developed with buffer C (20 mM Hepes pH 7.5, 150 ml NaCl, 1 mM EDTA, 10 mM 2-mercaptoethanol, 10 % glycerol, and 0.1 mM PMSF). We also purified Rad54 and its truncated variants with the thioredoxin (His) 6 affinity tag intact for the pull-down experiment presented in Fig. 4B .
DNA substrates -fX174 replicative form I DNA and viral (+) strand DNA were from Gibco/BRL and New England Biolabs, respectively. The fX replicative form I DNA was relaxed by treatment with calf thymus topoisomerase I (Invitrogen), as described previously (21) . pBluescript form I dsDNA was prepared using standard methods. For the DNA mobility shift assays, the 83-mer oligo 3 (21) was 5' end-labeled with T4 polynucleotide kinase (Promega) and [g- ATP and the indicated amounts of KCl at 23°C. To examine the effect of Rad51 on ATP hydrolysis by the full-length and truncated Rad54 proteins, Rad51 (300 nM) was mixed with Rad54, rad54 D113, and rad54 D129 (75 nM each) at 0°C for 20 min prior to the addition of fX174 replicative form I DNA and incubation at 23°C. The reaction was terminated by the addition of EDTA to 250 mM and then subject to thin layer chromatography in polyethyleneimine plates (J. T. Baker Inc.), as described (21) . The amount of labeled phosphate released as a result of ATP hydrolysis was quantified by phosphorimaging analysis in a Personal FX Phosphorimager with the Quantity One software (Bio-Rad).
9
DNA mobility shift -Rad54, rad54 D113, and rad54 D129, 50 to 200 nM each, and the 32 P-labeled 83-mer duplex substrate (1.25 µM nucleotides) were incubated for 10 min at 23°C in 10 µl of buffer D containing 60 mM KCl with or without 2.5 mM ATP and an ATP regenerating system consisting of 10 mM creatine phosphate and 30 µg/ml creatine kinase.
Where indicated, the reactions were deproteinized with 0.5 % SDS and 0.5 mg/ml proteinase K at 37°C for 5 min. After adding 2 µl of loading buffer (30 mM Tris-HCl, pH 7.4, 2 mM EDTA, 0.1 % orange G, 50 % glycerol), the reaction mixtures were analyzed in 10 % native polyacrylamide gels run in TAE buffer at 4°C. The gels were dried and analyzed in the phosphorimager.
Rad51 and Rad54 complex formation -Rad51 and bovine serum albumin (BSA) were coupled to Affi-Gel 15 beads (Bio-Rad) according to the manufacturer's instructions to create matrices containing 3 mg/ml of Rad51 and 12 mg/ml BSA. To examine binding of Rad54, rad54 D113, and rad54 D129 to the affinity beads, 5 µg of these proteins were mixed with 6 µl Affi-Rad51 or Affi-BSA beads in 30 µl binding buffer (25 mM Tris-HCl, pH 7.5, 10 % glycerol, 0.01 % NP-40, 0.5 mM DTT, and 150 mM KCl). The reactions were incubated for 45 min on ice with gentle mixing every 2 min. The beads were collected by centrifugation and the supernatant was removed. After being washed twice with 100 µl binding buffer, the Affi-Rad51 and Affi-BSA beads were treated with 30 µl of 3 % SDS at 37°C for 10 min to elute bound Rad54. The supernatant containing unbound Rad54 (10 µl), the second wash (15 µl), and the SDS eluate (10 µl) were subject to SDS-PAGE in a 7.5 % denaturing polyacrylamide gel to determine their content of Rad54. For affinity pull-down through the (His) 6 tag on Rad54, Rad51 (3 µg) was incubated with (His) 6 -Rad54, (His) 6 -rad54 D113, or (His) 6 Reactions were incubated at 23°C for 10 min and processed for agarose gel electrophoresis, as described (21) . To examine the effect of Rad51 on Rad54-catalyzed supercoiling of DNA, Rad54, rad54 D113, and rad54 D129 (40 nM each) were incubated with Rad51 (300 nM) in buffer D containing 20 mM, 60 mM, or 100 mM KCl at 4°C for 20 min prior to the addition of the DNA substrate and incubation with topoisomerase at 23°C. 
D-loop assay

RESULTS
Architecture of the Rad54 protein -Several motifs (Fig. 1) are highly conserved among Rad54 homologues and other Swi2/Snf2-related enzymes (26). These motifs harbor consensus sequences that are related to the superfamily II helicases (SFII). Based on the crystal structures of the SFII helicases eIF4a, UvrB and RecG, it can be predicted that the central region encompassing the seven helicase-like motifs constitutes the catalytic core of the enzyme that is likely to fold into a tandem repeat of two RecA-type subdomains (27) .
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The regions being appended to the catalytic core are conserved only among the Rad54 homologues. These flanking regions likely mediate interactions with other recombination proteins. In fact, the amino-terminus of Rad54 is involved in interaction with Rad51 protein (12-15; this work).
The amino-terminus of S. cerevisiae Rad54 is prone to proteolytic attack -Our results with full-length S. cerevisiae Rad54 overexpressed in yeast cells or bacteria indicated that the amino terminus of Rad54 is prone to proteolytic degradation. We used controlled proteolysis to more specifically examine the domain structure of Rad54. Chymotrypsin cleaves Rad54 at two distinct sites to yield proteolytic fragments of approximately 89 kDa and 75 kDa, respectively (A and B in Fig. 1 and Fig. 2) . Bands of very similar sizes were generated in digests with various other proteases, e.g. elastase ( Fig. 2A ) and proteinase K (data not shown), indicating that an unstructured region near the amino-terminus of Rad54 was being targeted for cleavage. Peptide sequencing unambiguously identified the aminotermini of the chymotryptic fragments A and B ( Fig. 2A) as amino acid residues 126 and 228 of Rad54, in agreement with the apparent molecular masses of these proteolytic fragments in SDS-PAGE analysis ( Fig. 2A) .
Expression and purification of amino-terminally truncated variants of Rad54 -Based on the results of the partial proteolysis experiments described above and on sequence alignments, a number of amino-terminally truncated Rad54 proteins were expressed as thioredoxin-His 6 fusion proteins in E. coli cells (Fig. 2B) . In these constructs, a site that can be cleaved by the PreScission protease is present between the thioredoxin (His) 6 tag and the 14 Rad54 protein. Overexpression of all the Rad54 proteins was contingent upon supplementation with rare tRNAs encoded by the Rosetta plasmid (data not shown). With the exception of rad54 D321, which was entirely insoluble, varying amounts of all of the truncated Rad54 species were found in the soluble fraction (Fig. 2B) . Rapid protein degradation has thus far prevented us from purifying a significant amount of rad54 D227.
Even though full-length Rad54 and rad54 D113 were prone to proteolysis during purification, it was possible to completely separate the degradation products away. Using a procedure that we have devised (Fig. 3A) , milligram quantities of highly purified Rad54, rad54 D113 and rad54 D129 (Fig. 3B ) could be obtained from 24 liters of E. coli culture.
During purification, we cleaved the thioredoxin (His) 6 tag from Rad54 using the PreScission protease (Fig. 3A) .
Salt sensitive physical interaction of rad54 ∆113 and rad54 ∆129 with Rad51 -Rad54 was previously shown to interact with Rad51 in vivo and in vitro (12) (13) (14) (15) . In one study (15), a fragment of Rad54 encompassing the amino-terminal 113 residues was shown to interact with Rad51 in a Far Western blot analysis. We wanted to know if the rad54 D113 and rad54
D129 proteins retain the ability to interact with Rad51. To do this, purified Rad54 and the two truncated proteins were incubated with Affi-gel 15 beads containing covalently conjugated Rad51 or BSA. After washing with buffer containing 150 mM KCl, bound proteins were eluted with SDS and then analyzed by SDS-PAGE. As expected, full-length Rad54 was efficiently pulled-down by the Affi-Rad51 beads (Fig. 4A) but not in the control reaction by the Affi-BSA beads (Fig. 4A ). Under these conditions, reproducibly, a significant amount of rad54 D113 was retained on the Affi-Rad51 beads, whereas little or no rad54 D129 was pulled-down by the affinity beads (Fig. 4A) . As expected, neither of the truncated Rad54 proteins bound to the control Affi-BSA beads. Taken together, the results reveal that with a relatively high level of KCl (150 mM), the deletion of the first 113 amino acid residues of Rad54 (rad54 D113) attenuates its interaction with Rad51, while an additional deletion of 16 amino acid residues, as in rad54 D129, abolishes complex formation with Rad51. That the N-terminal region of Rad54 harbors a free-standing Rad51 binding domain is indicated from the observations that (i) a soluble GST fusion protein containing the N-terminal 107 residues of Rad54, but not GST alone, bound Rad51 in a pull-down assay ( Fig. 4B ) and (ii) an insoluble GST fusion protein that harbors the Nterminal 113 residues of Rad54 was shown to interact with Rad51 in a Far Western assay after in situ renaturation on a nitrocellulose membrane (15) .
Since the rad54 D129 protein is active in functional assays with Rad51 when the ionic strength is low (see later), it was of interest to see if it would form a complex with Rad51 at a reduced KCl concentration. Because the Affi-gel 15 beads bind Rad54 non-specifically at low KCl concentrations, we used Nickel-NTA agarose beads to capture complexes of Rad51 and the full-length and truncated variants of Rad54 through the (His) 6 affinity tag on the latter. For this purpose, we purified full-length Rad54, rad54 D113, and rad54 D129 with the thioredoxin-(His) 6 tag intact. Rad51 alone and Rad51 preincubated with full-length His 6 -Rad54, His 6 -rad54 D113 or His 6 -rad54 D129 were mixed with Ni-NTA agarose beads in buffer containing 15 mM KCl. After washing with buffer, the immobilized Rad51-Rad54 complexes were eluted with SDS and analyzed by SDS-PAGE. As expected, Rad51 was found associated with full-length His 6 -Rad54 and His 6 -rad54 D113 (Fig. 4C) . Interestingly, at the low salt concentration used, a significant fraction of Rad51 bound to His 6 -rad54 D129
as well (Fig. 4C) . The control experiments confirmed that retention of Rad51 on the Ni-NTA agarose beads required the presence of the Rad54 proteins. The results thus reveal the presence of a Rad51 binding epitope in rad54 D129.
The amino terminus of Rad54 is dispensable for DNA binding and DNA-dependent
ATPase activity -Based on the sequence conservation among Rad54, other Swi2/Snf2-like proteins, and a subset of DNA helicases, the region of Rad54 comprising amino acid residues 230-810 of Rad54 likely constitutes the catalytic core domain (Fig. 1 ). Because this region is left intact in the rad54 D113 and rad54 D129 proteins, we expected these proteins to be proficient in the DNA binding and enzymatic activities of Rad54. We conducted a series of biochemical experiments to validate this expectation. In DNA mobility shift assays, rad54 D113 and rad54 D129 were just as proficient as full-length Rad54 in binding radiolabeled double-stranded DNA, both at 60 mM and 100 mM KCl (Fig. 5A and data not shown). Consistent with this result, the two truncated Rad54 variants bind fX174 (+) strand DNA as well as the full-length protein at various KCl concentrations (data not shown).
Likewise, rad54 D113 and rad54 D129 showed a level of DNA-dependent ATPase activity indistinguishable from that of the full-length protein at several KCl concentrations (Fig. 6 ).
These results argue that the amino-terminal deletions, D113 and D129, do not compromise the overall fold of Rad54, consistent with a modular architecture of Rad54 in which the catalytic function and the ability to interact with other recombination factors reside within distinct structural domains.
Functional interactions of rad54 D113 and rad54 D129 with Rad51 in ATP hydrolysis
and DNA supercoiling -It was previously shown that Rad51 stimulates the DNA-dependent ATPase activity of Rad54 (9, 19, 22) . We therefore asked whether Rad51 could stimulate the ATPase activity of the amino-terminally truncated Rad54 proteins. Since our pull-down experiments (Fig. 4) suggested that the residual Rad51 binding affinity of the truncated Rad54 mutants is sensitive to the ionic strength, ATPase activity was measured at 20, 60
and 100 mM KCl. In agreement with our other results, the rad54 D113 and rad54 D129 proteins showed essentially the same level of ATPase activity as the full-length protein at the three salt concentrations. As expected, Rad51 enhanced the ATPase activity of fulllength Rad54 regardless of the ionic strength (Fig. 6 ). At the lowest KCl level, Rad51 also stimulated the ATPase activity of both rad54 D113 and rad54 D129 (Fig. 6) . However, the stimulation of these rad54 mutants by Rad51 was diminished with increasing salt concentrations (Fig. 6) . Repeated experiments showed that the Rad51-dependent stimulation of the ATPase activity of rad54 D129 is significantly more salt sensitive than rad54 D113 (Fig. 6 ).
Biochemical and scanning force microscopy studies have shown that Rad54 utilizes the free energy derived from ATP hydrolysis to translocate along dsDNA, with positive supercoils being generated in front of the translocating Rad54 and negative supercoils in its wake (9, 18, 19) . In order to analyze the degree of DNA supercoiling catalyzed by the truncated Rad54 proteins, topoisomerase-I linked supercoiling assays were carried out ( Fig.   7 ) (19) . Briefly, the negative supercoils generated by Rad54 are removed by E. coli topoisomerase I, resulting in the accumulation of a positively supercoiled product termed Form OW (overwound) that can be separated from the relaxed DNA substrate by agarose gel electrophoresis (Fig. 7A) . As shown in Figure 7B , both rad54 D113 and rad54 D129
showed the same level of DNA supercoiling activity as full-length Rad54 (Fig. 7B) . The results thus confirm that both rad54 D113 and rad54 D129 are as capable as full-length Rad54 in translocating on and supercoiling DNA, and they agree with other results showing a wild type level of DNA binding and ATPase activities in these truncated proteins.
The DNA supercoiling activity of Rad54 is also stimulated markedly by Rad51 (9, 19, 22) . In order to analyze the stimulatory effect of Rad51, topoisomerase-I linked assays were carried with an amount (40 nM) of Rad54, rad54 D113 and rad54 D129 that by themselves produced only a small amount of Form OW product (Fig. 7C ). In agreement with published results (9, 19, 22) , the addition of Rad51 to full-length Rad54 enhanced the supercoiling activity several fold, and a similar degree of stimulation was observed over a range of salt concentrations (Fig. 7C) . By contrast, the Rad51-dependent stimulation of the two amino-terminally truncated Rad54 proteins was notably sensitive to the salt concentration. Specifically, although stimulation of both truncated proteins to the level seen with full-length Rad54 was observed at 20 mM KCl (Fig 7C, lane 7 and 11) , the stimulatory effect gradually diminished with increasing salt concentrations, with rad54 D129 being more salt sensitive than rad54 D113 in this regard. The results from the DNA supercoiling experiments, together with those from the affinity pull-down and ATPase assays (Fig. 4 and The ionic strength modulates the ability of rad54 D113 and rad54 D129 to promote the Rad51-mediated D-loop reaction -While Rad51 alone has only a modest ability to form Dloop, a specific interaction with Rad54 leads to efficient D-loop formation (9, 12, 19, 25) . We examined the ability of rad54 D113 and rad54 D129 to promote the Rad51-mediated D-loop reaction, by monitoring the incorporation of a radiolabeled oligonucleotide into a homologous duplex molecule (Fig. 8A) . With full-length Rad54, the amount of D-loop increased slightly as the KCl concentration was raised from 20 mM to 50 mM or 80 mM
KCl and remained nearly as high at 110 mM KCl (Fig. 8, B and C). Although both rad54
D113 and rad54 D129 are capable of promoting the Rad51-mediated D-loop reaction at 20 mM KCl, this ability is attenuated by raising the KCl concentration, with rad54 D129 being significantly more sensitive to the salt (Fig. 8B) . For instance, when the KCl concentration was elevated from 20 mM to 110 mM, the level of D-loop decreased by slightly more than two-fold in the case of rad54 D113, whereas little D-loop was seen with rad54 D129 at this KCl concentration. Thus, just as what we have observed in other assays ( Fig. 6 and Fig. 7 ), the ability of the N-terminally truncated Rad54 proteins to function in the Rad51-mediated D-loop reaction is salt sensitive, with rad54 D129 being more so than rad54 D113. KCl with Rad51 (300 nM) and E. coli topoisomerase I. Following deproteinization, the reaction mixtures were analyzed in a 0.9 % agarose gel, followed by staining with ethidium bromide. 
DISCUSSION
